Comparison of two group I intron sequences in the nucleolar genome of the myxomycete Physarum flavicomum to their homologs in the closely related Physarum polycephalum revealed insertion-like elements. One of the insertion-like elements consists of two repetitive sequence motifs of 11 and 101 bp in five and three copies, respectively. The smaller motif, which flanks the larger, resembles a target duplication and indicates a relationship to transposons or retroelements. The insertion-like elements are found in the peripheral loops of the RNA structure; the positions occupied by the ORFs of mobile nucleolar group I introns. The P.flavicomum introns are 1184 and 637 bp in size, located in the large subunit ribosomal RNA gene, and can be folded into group I intron structures at the RNA level. However, the intron 2s from both P.flavicomum and P.polycephalum contain an unusual core region that lacks the P8 segment. None of the introns are able to self-splice in vitro. Southern analysis of different isolates indicates that the introns are not optional in myxomycetes.
INTRODUCTION
The group I intron RNAs are recognized by a conserved secondary structure of about ten paired segments and a common ribozyme catalysed splicing pathway (1) . Group I introns have been identified in a number of bacterial genomes and phages as well as in the genomes of organelles, nuclei and viruses of eukaryotes (2,3)-All known nuclear group I introns interrupt genes in the nucleolar DNA-the ribosomal RNA (rRNA) genes-of fungi and protists. Here, they are found in at least 11 and 6 distinct positions in the small subunit (SSU) and large subunit (LSU) rRNA genes, respectively. The distribution and some key properties of known nucleolar group I introns are summarized in Table 1 . The wide, but infrequent, distribution of these introns can be explained by horizontal transfer between distantly related organisms (4) (5) (6) (7) . In strong support of this notion is the general rule that introns with high sequence similarity occupy the same location in different organisms (5) (6) (7) .
Some group I introns contain open reading frames (ORFs) that encode maturases that aid in splicing or site-specific endonucleases (homing endonucleases) involved in intron transfer (8) . It has been suggested that the ORFs are independent genetic elements that may colonize pre-existing group I introns (9) . This proposal is supported by several observations. First of all, ORFs that encode homing endonucleases are found outside the group I introns. A remarkable example is the inteins (9, 10) , where endonuclease-encoding sequences are found as in-frame insertions in other ORFs and excised at the protein level. Secondly, one particular intron may contain different ORFs. This is ilustrated by the Neurospom mitochondrial ND1 group I intron, which can harbour either of two different ORFs depending on the species (11) . Finally, distantly related group I introns can be found in the same location, apparently reflecting that their insertion into this site was initiated by the same homing endonuclease. The nuclear introns from Naegleria, Acanthamoeba, Klebsormidium and Chlorella share the same location in the SSU rRNA gene (S-516; Table 1 ), but are likely to represent at least two distinct subgroups among the group I introns. Only the Naegleria intron harbours an ORF (12, 13) .
The introns 1 and 2 of the myxomycete LSU rRNA gene (5, 14) appear to be useful model systems to study evolutionary changes in homologous nucleolar group I introns. It seems likely that these introns were present in a common ancestor of the distantly related genera Didymium and Physarum, several hundred million years ago (5, 15) . In this report, we present data to support the gain and loss of sequence elements within nucleolar group I introns. By comparing the homologous introns from the myxomycete species Physarum flavicomum and Physarum polycephalum, we have identified insertion-like elements in the peripheral loopregions of intron RNA. The insertion-like elements are flanked by direct target duplications and located in the same peripheral loops as ORFs in mobile nucleolar group I introns. iridis strains Hon 1-7, Pan 1-66, Pan 2-16, Pan 3-3, CR 8-1 and Gua 2-1 (17) by Dr J.Clark (University of Kentucky). All the different strains represent distinct geographic isolates. The culture methods used for Physarum were largely those described by Dee and Poulter (18) and for Didymium as described by Johansen and Vogt (19) . The vectors used for cloning and sequencing were pGEM3Zf+ (Promega Biotech) and M13mp-18 and -19 (New England Biolabs).
DNA isolation and Southern blot analysis
DNA was isolated from the various myxomycete species and strains essentially as described by Johansen and Vogt (19) . Alternatively, total DNA was isolated using the Nucleon II DNA extraction-kit protocol (Scotlab). The DNAs were resolved by electrophoresis on 0.7% agarose gels and transferred to ZetaProbe nylon membranes (Bio-Rad) using a Pharmacia vacuum blotter following the manufacturer's protocol (Pharmacia-LKB). After the transfer, the membranes were hybridized (in 7% SDS, 1 mM EDTA, 0.5 M NaH 2 PO 4 , pH 7.2) overnight at 65°C with 32 P-labelled probe, then washed twice in 1% SDS, 0.04 M NaH 2 PO 4 (pH 7.2) and twice in 0.5% SDS, 0.02 M NaH 2 PO 4 (pH 7.2). The blots were visualized by autoradiography.
Oligonucleotides
In addition to the (-40) primer (Sequenase kit, Version 2.0; USB Corporation), seven oligonucleotides were made and used as primers in DNA sequencing and reverse transcriptase RNA-PCR (RT-PCR). These primers are complementary to sequences in the £coRI fragment of P.flavicomum. Primers in 5' -3' direction are: P-325 (5'-AAACGAATTCATAGCGATTTGTTGGTGC-CA-3'); P-353 (5'-GTGTAAACGAATCGTGATTTCTGC-3'); P-1706 (5'-CAGTAGTAATGTGAAGCAAG-3'); P-2657 (5'-TCGAATTCAAACGACTGGAAAG-3'). Primers in 3'-5' direction are: P-1198 (5'-TGCCTAGAGTCAAGCTCAACAG-GGTC-3'); P-1746 (5'-CTCTCACCTCAAGCGTG-3'); P-2983 (5' -A A AG A ATTC A AGCC ACGTCGCT ATGA-3'). The numbers refer to the position in the P.flavicomum sequence (EMBL accession no. X78959) corresponding to the 3' nucleotide of the primer.
Cloning, DNA sequencing and computer analysis The 3 kb EcdRl fragment from the ribosomal DNA of P.flavicomum was cloned directly into the dephosphorylated and £coRI-cut plasmid vector pGEM3Zf+, yielding pPFR-30. The insert of pPFR-30 was sequenced after subcloning into M13mp-18 and M13mp-19. All sequences were obtained from both strands, using the Sequenase kit (Version 2.0; USB Corporation) and [ 35 S]dATP (1000 Ci/mmol; New England Nuclear). Computer analysis of DNA sequences was performed using the software package programs (Version 7) from the Genetics Computer Group (Madison, WI).
In vitro transcription and splicing assays Plasmids containing the myxomycete nucleolar introns were linearized by cleavage with appropriate restriction enzymes downstream of the intron region. RNA transcription was carried out on purified linearized plasmid templates using the T7 or SP6 RNA polymerases as described by the manufacturers of Riboprobe and RiboMAX (Promega Biotech), but at 2.5 mM concentration of each of the four nucleotides. Self-splicing reactions were performed as previously described (19), but at Mg 2+ concentrations ranging from 10 to 125 mM. Alternatively, self-splicing was assayed by the detection of ligated exons by RT-PCR. The reverse transcription reactions were performed on in vitro incubated intron transcripts using the downstream exon-primers P-2983 and P-1198 for intron 1 and intron 2, respectively, as described by the manufacturers of the Gene Amp RNA-PCR kit (Perkin Elmer Cetus). The cDNA was subjected to PCR using the primer sets P-1706/P-2983 which flank intron 1 and P-325/P-1198 which flank intron 2. The selfsplicing group I intron DiSSU from D. iridis (19) was used as a positive control in the in vitro self-splicing reactions.
RESULTS

The extrachromosomal ribosomal DNA of myxomycetes harbour two group I introns
We have previously reported the DNA sequences of two group I introns in the LSU rRNA gene of the myxomycetes Physarum polycephalum and Didymium iridis (5, 14) . Both introns are found within a conserved EcoRl restriction fragment. To obtain a more accurate picture of the distribution of these introns, we have determined the sizes of the EcoRl fragments in several strains of P. polycephalum and D. iridis as well as one strain of Physarum flavicomum ( Figure 1 ). Based on mapping and DNA sequence 
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P4 P5-1 P5-2 The underlined sequence in IE2-L5 is identical to a retroelemem associated sequence in Dictyostelium discoideum (27) . The numbering of the nucleotide sequence is according to the complete EcoRl fragment sequence that has been assigned the accession number X78959 in the EMBL Data Library. Figure IB ). This result supports the earlier observation of an approximately 80 kb extrachromosomal, linear rDNA in P.flavicomum (24) .
The P.flavicomum intron RNAs fold as group I introns, but do not self-splice in vitro
The P.flavicomum £coRI fragment is 3052 bp and contains two introns in the same positions as in the other myxomycetes. The 1.2 kb exon region of P.flavicomum is almost identical in size to the corresponding regions in P.polycephalum and D.iridis, with sequence similarities of 92 and 84%, respectively. The sizes of intron 1 and intron 2 are 1184 and 637 bp, which is larger than the corresponding introns of 1003 and 496 bp, respectively, in P.polycephalum (14) . In contrast to the exon region, the overall primary sequences of the P.flavicomum and P.polycephalum introns differ significantly. Only about 300 nt of the intron core regions are well conserved (Figure 2) . Secondary structure models of these regions of the P.flavicomum introns are presented in Figure 3 . These models strongly support the foldings previously suggested for the P.polycephalum introns (5). Both intron 2 are very unusual in lacking the P8 segment as well as several conserved nucleotides in the catalytic core.
When incubating transcribed P.flavicomum intron RNAs under self-splicing conditions and subjecting it to gel analysis and autoradiography, we were unable to detect self-splicing products (data not shown). In order to obtain a more sensitive self-splicing assay, we set out to detect ligated exons by RT-PCR. However, we failed to detect any ligated exons from the two P.flavicomum introns and corresponding introns from P.polycephalum and D.iridis (data not shown). These observations strongly support the conclusion that the myxomycete introns 1 and 2 do not selfsplice under in vitro conditions (5).
Insertion-like elements are located in the peripheral loop regions of group I intron RNAs
The unusual length of intron 1 in Physarum rDNA is due to large expansion sequences in the peripheral loop regions. These sequences are localized at different positions in the P.flavicomum and P.polycephalum intron Is (compare the structure models in Figure 3 and in reference 5). The most intriguing expansion sequence is the insertion-like element in the PI-segment loop (IE1-L1) of P.flavicomum (overlined in Figure 2A ). This loop is about 410 nt, compared to only 90 nt in the corresponding intron of P.polycephalum. IE1-L1 in P.flavicomum consists of several repetitive elements which include five identical 'Classification into phyla is according to Margulis and Schwartz (45) . 2 Position of group I intron corresponding to the E.coli SSU (S) and LSU (L) rRNA sequences (see 46) which immediately precedes the intron. 3 Tested for in vitro self splicing (SS). 4 Unpublished data by S.J., C.Einvik and T.M.Embley.
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Reported as a spliceosomal-like intron (42) , but re-interpreted as a member of the group I introns.
interspersed copies of an 11-nt short direct repeat (SDR) motif and three identical copies of a long direct repeat (LDR) motif of 101 nt (Figures 2A and 3A) . Each of the LDR motifs are flanked by SDR motifs, which may have originated by target duplication since it is present in both Physarum species ( Figure  2A ). The repetitive nature of SDR and LDR in IE 1-LI may result from replication slippages since the motifs are able to form internal stable stem and loop structures (results not shown), which are assumed to promote such events (25, 26) . We could not identify any significant sequence homology between IE1-L1 and sequences in the GenBank or EMBL libraries.
A second insertion-like element in P.flavicomum intron 1 is situated in the P6-segment loop (IE1-L6 in Figures 2A and 3A) . The 45 nt insertion, which is located in a position corresponding to the terminal loop of the P6-segment in P.polycephalum, is flanked by an 8-nt direct repeat (DR) motif with a partial homology to the P.polycephalum sequence. The smaller intron 2 from P.flavicomum contains an insertion-like element, IE2-L5, in the P5-segment loop ( Figures 2B and 3B) . Unlike the insertionlike elements in intron 1, EE2-L5 is located in a highly conserved region of the intron (see alignment in Figure 2B ) and is not flanked by direct repeat motifs. However, the central region of IE2-L5 (underlined in Figure 2B ) is identical in sequence to the 5'end of tRNAs associated with retroelements in the cellular slime mold Dictyostelium discoideum (27) . A general feature of all the Physarum expansion sequences is that they can exist as stable basepaired regions in the RNA structure.
DISCUSSION
We have demonstrated that the nucleolar LSU rRNA gene of the myxomycete P.flavicomum contains two group I introns which do not self-splice in vitro. The unusual length of the introns is not due to the presence of ORFs, but rather to several large expansion sequences outside the catalytic core regions. When comparing these intron sequences to homologous introns in the closely related P.polycephalum, some of the expansion regions were found to be insertion-like elements.
The insertion-like element IE1-L1 contains large direct repeat motifs, structural sequence elements previously not reported in group I introns. What can be the origin of such sequences? One possibility is that the expansion was present in the primordial intron of the myxomycete ancestor and subsequently was lost from P.polycephalum after the radiation of the species. This scenario would also involve the independent loss of the expansion from the D. iridis intron. A more attractive explanation is that the expansion regions are remnants of insertion elements that have integrated specifically in the P.flavicomum intron and later been degraded or partially excised. The insertion may have taken place at the DNA or RNA level, in a manner similar to that of transposons or retroelements. The presence of flanking direct target duplications in IE1-L1 substantiates such a mechanism. In support, Oliveira and Ragan (28) have recently reported that an optional 300 nt LI expansion in the group I intron of the marine red alga Porphyra spiralis var. amplifolia also contains flanking target repeats. The authors proposed a relationship between this element and transposons or /l/w-elements.
A number of group I introns contain ORFs. These are located in peripheral regions looping out from the intron core (29) . Nuclear introns with functional ORFs are only found in the rDNA of Physarum, Didymium and Naegleria ( Table 1 ). The position of the ORF in Physarum intron 3 is the same as that of IE1-L1 in P.flavicomum intron 1, the PI-segment loop LI. Furthermore, the Naegleria intron contains an ORF in the L6 (S.J., unpublished data), the location of the IE1-L6 sequence. Recently, we have assigned the ORF in the Didymium intron to L2 of a somewhat unusual self-splicing group I ribozyme (19, S.J., unpublished data). In P.polycephalum intron 1, this loop harbours an insertionlike sequence which is not present in P.flavicomum (see 5). What can be the significance of the identical positions of insertion-like elements and ORFs in nucleolar group I introns? First, it reflects the well-known ability of peripheral regions to carry additional sequences without perturbing the folding or function of the ribozyme. Second, it may indicate a general mechanism for how group I intron RNAs gain new sequence information. A provocative observation is that in both the Didymium and Naegleria introns short direct repeats flank the ORF-containing insertions (S.J., unpublished data). The Porphyra intron provides a further link between insertion-like expansions such as IE 1-LI in P.flavicomum and the ORFs of the mobile group I introns. In addition to displaying insertion-like element features, the Porphyra LI expansion harbours an ORF encoding a putative protein of 137 amino acids (28) . Interestingly, this ORF is found on the complementary strand of that encoding the rRNAs, which is in the opposite direction to all other known intron ORFs. Careful inspection of the Porphyra amino acid sequence revealed that the putative intron encoded protein contains the His -Cys Box motif (13) common to all the nuclear homing endonucleases. The 30 amino acids motif of the Porphyra protein is as much as 57% identical, with no gaps, to the His -Cys Box of the well characterized homing endonuclease l-Ppo from Physarum. Thus, the Porphyra intron encoded protein appears to be another family member of the nuclear homing endonucleases (13) .
